The antigenic relationships of the iron-regulated proteins (IRPs) 
Introduction
Pasteurellosis, caused by Pasteurella haemolytica, is a serious, often fatal respiratory disease in sheep, cattle and goats (Gilmour, 1980) . Predisposing factors are implicated in the disease (Harris, 1974; Davies et al., 1980) , but the ultimate cause of death is considered to be pneumonia caused by P. haemolytica.
Isolates of P. haemolytica fall into two distinct biotypes (A and T) depending on their morphological and biochemical characteristics. Sixteen serotypes based upon capsular antigen diversity can be identified by an indirect haemagglutination test (IHA). Serotypes 3,4,10 and 15 belong to the T biotype, and 1, 2,5,6,7,8,9, 11, 12, 13, 14 and 16 are of the A biotype (Biberstein et al., 1960; Fraser et al., 1982; Fodor et al., 1988) . In addition, approximately 12% of all isolates are untypable in the IHA typing system. Abbreviations: dp, 2,Tdipyridyl; IHA, indirect haemagglutination; IRP, iron-regulated protein; NB, nutrient broth; SPF, specificpathogen-free.
Proper management and vaccination are the accepted means of control for the disease. Vaccines containing cell extracts of serotypes Al, A6 and A9 conferred a considerable degree of protection on specific-pathogenfree (SPF) lambs against homologous, but not heterologous challenge (Gilmour et al., 1983) . However, protection against the A2 serotype, which is the predominant ovine isolate from field cases, has proven more difficult to demonstrate with cell extract vaccines.
Solid immunity against the A2 serotype was demonstrated when SPF lambs recovered from experimental pasteurellosis caused by serotype A2 were subsequently challenged (Donachie et al., 1986) . Sera from these sheep contained antibodies directed against iron-regulated proteins (IRPs). These proteins were demonstrated in bacteria collected from host tissue and body fluids, and in bacteria grown in vitro under iron-depleted conditions . Moreover, IRPs were absent or only weakly expressed in cells grown in ironreplete medium. Recently, antibodies to these antigens presented on 'in vitro' grown cells have been shown to significantly enhance protection against A2 challenge in the SPF lamb experimental system (Gilmour et al., 1991) . Predominant IRPs of P . haemolytica A2 at 0001-6959 0 1992 SGM J . E. Murray and others apparent molecular masses of 100, 70 and 35 kDa have been identified using SDS-PAGE Lainson et al. 1991) .
The presence of antibodies specific for IRPs in the serum of immune animals recovered from infection and enhancement of vaccine efficacy by these proteins implicates them as protective antigens. As P. haemolytica contains 16 serotypes, shared antigenic epitopes among IRPs could be significant in possible heterologous immunity to infection. This paper reports the cross-reactivity of antibodies against two of these iron-regulated proteins and discusses the relevance of cross-protection in vaccine development.
Methods
Bacterial strains and growth conditions. All strains used for the purpose of this comparative study were field isolates obtained from cases of ovine and bovine pasteurellosis and maintained at Moredun Research Institute as reference strains stored at -70 "C. The details are shown in Table 1 . Bacteria were subcultured and identified by the IHA test (Biberstein et al., 1960) . When required, 10 ml seed cultures were initiated in nutrient broth (NB, Gibco No. 2) and 6 h later, inoculated into 1 1 flasks of iron-depleted media obtained by the addition of 2,2'-dipyridyl (dp, 1 5 0 p~, Sigma). Cells were grown at 37 "C for 18 h with shaking, then harvested by centrifugation and washed twice in PBS (0.01 M-sodium phosphate, 0.15M-NaC1, pH 7.4). Bacterial suspensions were adjusted to give protein concentrations of 2 mg ml-1 as determined by the Pierce BCA Protein Assay Reagent.
Preparation of bacterial enuelopes. Bacterial envelopes were prepared as described by . Briefly, washed cells were sonicated in an MSE sonicator (150 watt, MK2) for three 30 s pulses at maximum power with intermittent cooling. The sonicate was then centrifuged at 4000 g and the supernatant fluid centrifuged at 30000 g for 1 h to pellet envelopes. Envelopes were resuspended in 0.1 M Tris/HCl, pH 7.4. SDS-PAGE and immunoblotting. P. haemolytica proteins were separated by SDS-PAGE, using a modification of the method described by Laemmli (1970) . A discontinuous system comprising resolving and stacking gels of 10 and 4% (w/v) acrylamide, respectively, was used. Prior to electrophoresis, bacterial preparations were boiled for 5 min in a 50% (v/v) solution of a sample buffer containing 4% (w/v) SDS and 8% (v/v) mercaptoethanol. Separated proteins were stained with Coomassie blue R250 (Sigma).
Proteins were electrophoretically transferred to Immobilon PVDF Transfer Membrane (Millipore) by the method of Sharp & Herring (1983) . The membrane was blocked with 50% (v/v) horse serum in Blot Wash Buffer (BWB) comprising 0.5 M-NaCl, 0.01 M-EDTA and 0.5% (v/v) Tween 20 in PBS, for 1 h at 37 "C. After three 5 min washes in BWB, the membrane was incubated at 37°C for 1 h with either hybridoma supernatant containing monoclonal antibody or specific lamb antisera at a 1 : 50 dilution in BWB followed by three 5 min washes in BWB. Bound antibody was then detected by incubation with horseradish-peroxidase-conjugated anti-mouse or sheep IgG (SAPU, Law Hospital, Carluke) for 1 h at 37 "C. The membrane was washed as described above, rinsed with distilled water and conjugate detected by the precipitation of the oxidized diaminobenzidine, 1 mg ml-* in 0.1 M Tris/HCI, pH 7.4 (Sigma). The reaction was stopped by rinsing in tap water. DO652  A713  A635  DO693  R341B  DO1 35  DO800  DO200  DO775  DO770  B561  DO1 32  DO804  N513  DO685  N236  A713  Y578  A609  E0200  E674  T884  E0284  Y510  D 1036  A461  DO203  B0131  P704C  T1291B  T 1255A  T 1262A  S622G  S622K  T12910   A1  A2  T3  T4  A5  A6  A7  A8  A9  T10  A1 1  A12  A1 3  A14  T15  A16  A2  A2  A2  A2  A2  A2  A2  A2  A2  A2 Antiserum. Antisera from SPF lambs recovered from an experimental A2 serotype infection (Donachie et al., 1986) were pooled and used in immunoblotting to compare the cross-reactivity of P . haemolytica proteins.
Antibodies to the 70 kDa A2 serotype IRP were raised in SPF lambs by immunization with the 70 kDa band excised from polyacrylamide gels after SDS-PAGE separation of envelopes. The bands were macerated in 0.1 M Tris/HCl, pH 7.4, and Alhydrogel (Superfos) added to a final concentration of 0.3% (w/v). Each excised strip containing approximately 100 pg protein was homogenized in Alhydrogel. SPF lambs were vaccinated subcutaneously at weekly intervals with 100 pg protein.
Polyclonal antiserum to the 35 kDa A2 serotype IRP was raised in sheep following two subcutaneous injections of purified protein (1 00 pg per dose) obtained by affinity chromatography. Briefly, monoclonal anti-35 kDa antibody was coupled to a standard Sepharose 4B column (Pharmacia) and a sonicated lysate of iron-depleted P. haemolytica A2 cells in 0.5 M-NaCl was passed through the column. Bound antigen was eluted with 0.1 M-glycine/HCI, pH 2.3.
Results
Fig . 1 shows the SDS-PAGE-separated whole-cell lysates of P. haemolytica serotypes A2 and T3 grown in iron-depleted and iron-replete media. Two A2 serotype IRPs having molecular masses of 35 and 70 kDa are less prominent in cells grown in iron-replete medium but are prominent bands in cells grown in iron-depleted medium. Similarly, two T3 serotype IRPs of 37 and 78 kDa are preferentially expressed in cells grown under conditions of iron limitation. The profiles of A and T biotypes show distinct differences, which are most obvious in the 20-50 kDa region. The lower of the two T biotype IRPs is slightly displaced from the A biotype 35 kDa IRP and is seen at 37 kDa. Additionally, the higher molecular mass T biotype IRP is evident at 78 kDa compared to 70 kDa in the A biotype. Coomassie-blue-stained profiles of the A and T biotype envelopes indicate that the 70 and 78 kDa proteins are located in the membranes while the 35 kDa IRP is not (unpublished observations).
Immunoblot analysis was performed to determine whether antibodies raised in sheep against experimental P. haemolytica A2 infection exhibited cross-reactivity with other serotypes. Immunoblots of lysates from irondepleted and iron-replete cells of serotypes 1-4 were reacted with an A2 convalescent serum pool (Fig. 2) . Much cross-reactivity is exhibited and antibodies specific for the lower of the two IRPs (35 and 37 kDa) are observed in both biotypes. No cross-reactivity is evident against a 70 kDa protein in the T serotypes and there is no reaction with the 78 kDa IRP. Furthermore, polyclonal antiserum raised in lambs against the A2 70 kDa protein excised from polyacrylamide gels reacts with a complementary protein present in envelopes of the A biotype, but not the T biotype (Fig. 3) . A band at 66 kDa, again only in the A biotype, is also recognized by this antiserum pool.
When immunoblots of iron-regulated A and T cell lysates were probed with polyclonal anti-35 kDa antiserum, reaction was observed with a single protein (Fig.  4a) . Antibody reactivity towards the T biotype strains was with the 37 kDa antigen. Although antibody crossreactivity with the T biotype protein was easily discernible, the intensity was reduced when compared to A biotype reactions.
A murine monoclonal antibody against the 35 kDa iron-regulated protein exhibited cross-reactivity with all the A biotype strains (Fig. 4b) . No reaction at 35 kDa was observed with the T serotypes. However, some contained a weakly reacting band of c 29 kDa (Fig. 4b, 
lane 4T).
The reactivity of specific antibody to 70 and 35 kDa antigens with ten A2 field isolates revealed identical reactions with the two proteins in all eleven strains. Reactions were comparable with the standard A2 strain (Figs 5a and b) . W hole-cell proteins from eight untypable P . haernolytica strains were separated by PAGE and examined in immunoblotting using the monoclonal antibodies and polyclonal antisera to the 35 kDa IRP and also with polyclonal anti-70 kDa antiserum to identify crossreacting proteins (Table 2) .
Five of the eight untypable strains examined gave reactivities identical to either the A or the T biotype. The remaining three strains could not be placed in either biotype on the basis of these reactivities. Strain 2, for example, had a protein that reacted with the 35 kDa monoclonal antibody but lacked a protein which reacted with the anti-70 kDa polyclonal antiserum.
Discussion
To assess the degree of conservation of antigenic epitopes in and between the serotypes of P . haemolytica, immunoblotting with specific anti body was performed. The observations demonstrate that inter-serotype crossreactivity exists against both the 35 and 70 kDa IRPs within the A biotype. Although the polyclonal anti-35 kDa (82) specific antiserum reacts with a T biotype Biotype-spec@ epitopes in Pasteurella haemolytica 287 protein, the lack of reactivity of the specific anti-35-kDa (A2) monoclonal antibody indicates that the T biotype protein, although sharing common epitopes, is not identical. Mosier et al. (1989) , have correlated the presence of serum antibodies to a 35 kDa antigen with resistance to experimental A1 challenge. It is not known whether this antigen is the same as the 35 kDa antigen described here. The weak reactivity of serotype A l l 35 kDa antigen compared to other A serotypes with the monoclonal antibody indicates that A1 1 differs from other A serotypes. Strains of this serotype have previously been shown to be different from other A serotypes in such characteristics as production of neuraminidase and sialoglycoprotease (Frank & Tabatabai, 1981 ; Otulakowski et al., 1983) . The reactivity of the anti-70 kDa (A2) polyclonal antiserum with the 70 kDa A biotype protein, but not the 78 kDa T biotype protein, indicates that these two proteins are antigenically distinct, In addition, a second non-iron-regulated antigen is recognized in A biotypes. Presumably, this was excised from the gels along with the 70 kDa protein. Why it should also be biotype-specific is intriguing. It is interesting that both anti-TlO and anti-A2 convalescent sera react with the T biotype 78 kDa protein (unpublished observations). This could be explained by the presentation of native antigen in vivo whereas the anti-70 kDa polyclonal serum was raised by immunization with denatured 70 kDa material. The shared epitopes may be labile in the solubilizing buffer. It is clear from the reactions of A2-specific polyclonal and monoclonal antibodies with A and T whole-cell immunoblots, that conservation of antigenic proteins is maintained throughout the A biotype. Further evidence of antigenic conservation is obtained from antibody reactivity with a selection of ten A2 field isolates in which no variation was observed.
Deneer & Potter (1989) showed antigenic crossreactivity between the IRPs of serotypes 1-12 using A1 convalescent calf serum. Although unable to show the IRPs as being biotype-dependent, they did speculate on the antigenic divergence of serotype 10.
Little is known of the pathogenicity and immunogenicity of untypable P. haemolytica strains. Since they make up a sizeable percentage of field isolates it seems prudent to determine the cross-reactivity of the major antigens for the purposes of possible vaccine inclusion. Specific antibody reactivity towards the panel of untypable strains indicates that several strains show characteristics of either one or both biotypes. These results indicate that there is antigenic diversity within the untypable strains and reinforce the findings of Donachie et al. (1984) that distinct serogroups exist among the untypable strains and that these are not merely serogroups deficient in capsular antigen. The diversity of antigenic epitopes observed in untypable strains makes it unlikely that a vaccine containing the antigens of only one serogroup would immunize against a significant proportion of untypable serogroups.
Our results suggest that two IRPs with apparent molecular masses of 35 and 70 kDa are conserved within the A biotype of P. haemolytica. The observed crossreactivity of polyclonal and monoclonal antibodies to the IRPs by immunoblotting suggests firstly that crossprotective immunity could occur within the A biotype and, therefore, for vaccine purposes the antigens expressed by a single A biotype strain may be sufficient to confer protection against A biotype infection. Secondly, these findings give further evidence that the A and T biotypes of P. haemolytica may represent different species.
